Abstract A series of thermoset/clay nanocomposites are prepared by thiol-epoxy click reaction using commercially available starting compounds at ambient conditions in very good yields. The incorporation and exfoliation of clay nanolayers in the thermoset matrix are confirmed by FT-IR, XRD and TEM analyses. The influence of clay loadings on the thermal and mechanical analyses is investigated and all nanocomposites exhibit improved properties than that of the pristine thermoset. The nanocomposite containing 1% montmorillonite by weight has the most improved mechanical properties due to its highly exfoliated structure resulting in efficient interactions between clay and polymer matrix. A further increase of the clay loading results in the aggregation of clay plates to form intercalated structures leading to deteriorated thermal and mechanical properties of nanocomposites.
Introduction
Polymer/clay nanocomposites are one kind of composite materials containing nanometer-sized inorganic nanoparticles, typically in the range of 1-100 nm, which are uniformly dispersed in and fixed to a polymer matrix [1] . Because of their superior physical properties such as high dimensional stability, gas barrier performance, flame retardancy, and mechanical strength, their applications have been expanded continuously in the fields of automotive, cable packaging and coating [2] . The inclusion of inorganic nanoclays into a polymer matrix not only combines their properties but also brings advanced new functions in many industrial applications. Depending on the starting materials and processing techniques, there are three approaches for the preparation of polymer/clay nanocomposites: (i) solution mixing, (ii) melt blending and (iii) in situ polymerization. By applying these methods, three distinct morphologies can be possibly obtained; exfoliated (delaminated), intercalated (flocculated) and unintercalated (microcomposite) [3] . Compared to the first two approaches, the in situ polymerization method is an effective method to obtain nanocomposites with exfoliated structures that are responsible for the dramatic improvements in the physical properties [4] . In this method, the organo-modified clay containing either monomer [5, 6] or initiator [7] [8] [9] functionalities are mixed with a suitable liquid monomer solution prior to polymerization [10] [11] [12] . By applying appropriate stimulus, such as heat, light or chemical activation, the chain growth as well as the delamination of the clay galleries can be triggered and hence the corresponding nanocomposite is formed [13] . Click chemistry is a general term that identifies a class of chemical reactions to generate substances rapidly and reliably by connecting molecules from reactive groups that will only connect with one another [14] . Due to its unique features including simplicity, efficiency and orthogonally, it has been widely used in the diverse applications from organic chemistry to polymer and material science [15, 16] . The well-known click chemistry reactions are: (i) cycloaddition reactions [copper (I)-catalyzed azide-alkyne (CuAAC) and Diels-Alder], (ii) ring-opening reactions (epoxides and aziridines), (iii) non-aldol reactions (ureas, oximes, and hydrazones) and (iv) addition reactions (thiol-ene/yne and Michael). Recently, base-catalyzed ring-opening reaction of an epoxide with a thiol is classified as click chemistry reaction due to its exceptional features such as selectivity, controllability, simplicity, fastness, and high efficiency [17] . Compared to other click reactions, it has additional advantages such as metal-free catalyst system and resulting product containing reactive hydroxyl groups that enable further functionalization. This click reaction is utilized not only in polymer synthesis [18, 19] such as synthesis of thermosets [20, 21] , hybrid network [22] [23] [24] , hydrogels [25] and high-performance coatings [26] [27] [28] , but also in functionalization of polymers [29] [30] [31] . For the preparation of polymer/clay nanocomposites, only used click reaction is CuAAC click reaction, in which alkyne-functionalized monomers or prepolymers [32, 33] are clicked azido-functionalized nanoclay, independently [34] .
Thermoset polymers are bonded covalently and cannot be melted by heating or dissolved completely in any solvent because of their three-dimensional cross-linked structures [35] . They have been utilized for the preparation of many important advanced materials, such as protective coatings, aerospace composites and computer chip packaging due to their attractive properties (good strength, well chemical resistance and high temperature stability) [36] . On the other hand, thermoset materials can have brittleness and lack of durability in their final properties. So, thermoset nanocomposites have been evolved to eliminate these shortcomings. Because of its desirable characteristics, thiol-epoxy click reaction has been utilized for the preparation of hyper-branched epoxy [37] and polyester [38] and complex multi-layered microdevices [39] using commercially available monomers. A facile way to improve physical properties of thermoset is to produce their composites or nanocomposites using appropriate reinforcements. The use of nanosized fillers with high aspect ratio such as clays, nanotubes and nanoparticles has intensively developed due to their unique multifunctional and highly enhanced properties.
In this study, clay-based thermoset nanocomposites have been prepared by thiolepoxy click chemistry using trimethylolpropane triglycidyl ether and trimethylolpropane tris(3-mercaptopropionate) as commercially available monomers and montmorillonite (Cloisite 30B) as nanofiller. The thiol-epoxy click reaction can be simply catalyzed by lithium hydroxide and conducted in the presence of air and water at ambient temperature and pressure. The obtained polymer/clay nanocomposites have been characterized by Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) spectroscopy, transmission electron microscopy (TEM) and thermogravimetric analysis (TGA). The influence of clay loadings on thermal and mechanical properties of the resulting polymer/clay nanocomposites is also investigated.
Experimental Materials
The organo-modified montmorillonite (Cloisite 30B was an alkyl quaternary ammonium salt bentonite) was purchased from Southern Clay Products and kept in a vacuum oven for 1 h at 110°C before using as nanofiller. Trimethylolpropane triglycidyl ether (TTE, technical grade, Aldrich), trimethylolpropane tris(3-mercaptopropionate) (TMPMP C 95.0%, Aldrich), and lithium hydroxide monohydrate (LiOH 99.95%, Aldrich) were used as received. Tetrahydrofuran (THF, 99.9%, Aldrich) and deionized water were used as solvents.
Preparation of thermoset/clay nanocomposites via thiol-epoxy click chemistry
The TMPMP (1.52 mmol, 0.605 g) and TTE (1.52 mmol, 0.46 g) with various clay loadings (0, 1, 5 or 10% by weight) in THF (4.5 mL) were stirred with a magnetic stirrer at room temperature. LiOH (0.55 mmol, 23 mg) dissolved in distilled water (0.5 mL) was added to the resulting solution by stirring according to a modified procedure [25] . To obtain completely homogeneous mixture, the solution was further stirred for few minutes. The solutions containing 1, 5 or 10% clay were poured into glass Petri dishes and nanocomposite structures were rapidly obtained after 5 min as a result of exothermic reactions. The samples (NC-1, NC-5 or NC-10) were dried in a vacuum oven for 24 h at 50°C before the characterization to eliminate the remaining water and THF on the determined properties.
Instrumentation
Fourier-transform infrared (FT-IR) spectra were recorded on a Perkin-Elmer FT-IR Spectrum One B spectrometer. The powder XRD measurements were performed on a PANalytical X'Pert PRO X-ray diffractometer equipped with graphite-monochromatized Cu K-alpha radiation (k = 0.115 nm). The thermogravimetric analysis was conducted by Perkin-Elmer Diamond TA/TGA with a heating rate of 10°C/min under nitrogen flow (200 mL/min). Transmission electron microscopy (TEM) observation was utilized by a FEI Tecnai TM G 2 F30 instrument operating at an acceleration voltage of 200 kV. The ultrathin TEM specimens around 100 nm were cut by a cryo-ultramicrotome (EMUC 6 ? EMFC 6 , Leica) equipped with a diamond knife. Before TEM analyses, the obtained specimens were located on holey carboncoated grid. The tensile properties of samples were determined with a Zwick/Roell Z1.0 universal test machine at room temperature according to the DIN EN ISO 527-1 standard with the crosshead speed of 5 mm/min. The sample specimens were cut into rectangular bars with 7.4 mm 9 20 mm 9 10 mm dimensions. For each sample, at least three specimens were tested to provide reproducibility.
Results and discussion
To take advantages of thiol-epoxy click reaction, a series of thermoset nanocomposites containing 1, 5 and 10% nanoclay by weight were prepared using Cloisite 30B as organo-modified nanoclay with TMPMP and TTE as commercially available monomers. All reactions were activated by LiOH as a base-catalyst and carried out at room temperature. Due to their highly strained three-membered rings, epoxides are very reactive towards a large range of nucleophiles, alcohols, alkoxides, amines and thiols, and easily converted corresponding compounds in basic and acidic conditions. To benefit from this chemistry, a series of thermoset/clay nanocomposites were simply prepared by simultaneous base-catalyzed thiol-epoxy and alcoholepoxy ring-opening reactions. The epoxy rings of TTE were opened via two competitive reactions by either thiol groups of TMPMP or alcohol groups of Cloisite 30B (containing one methyl and tallow groups, and two pendant alcohol groups (-CH 2 CH 2 OH) on the quaternary ammonium ions) in the presence of LiOH (Scheme 1).
The formation of nanocomposites was monitored by FT-IR analysis by following their characteristic bands of epoxide and thiol groups of initial compounds, which were assigned at 910 and 2680 cm -1 . After ring-opening reactions, these bands were completely disappeared, whereas a new peak, appeared at 3400 cm -1 , was attributed to O-H bond closest to thioether group. Furthermore, the weak absorption band at 2570 cm -1 assigned to S-H bond of TMPMP was not detected in the nanocomposite's spectrum (Fig. 1) . Additionally, the peaks at 2890, 1740 and 1100 cm -1 were assigned to C-H, C=O and C-O-C bonds, clearly indicating the presence of initial compounds in the nanocomposites. Overall, the successful thiolepoxy click reaction in the presence of organo-modified clays yielded to thermoset Scheme 1 Thermoset/clay nanocomposites by simultaneous base-catalyzed thiol-epoxy and alcoholepoxy ring-opening reactions using Cloisite 30B as nanoclay and TTE and TMPMP as monomers The X-ray diffraction patterns of commercial clay (Cloisite 30B) and obtained nanocomposites with various clay loadings (1, 5 and 10% by weight) are shown in Fig. 2 . In the XRD pattern of Cloisite 30B, there was a weak peak at 2h = 4.81°, and it indicated that the distance between clay layers was about 1.86 nm. However, there was no peak in the X-ray diffractogram of NC-1, so it was estimated that almost all clay layers were exfoliated and dispersed randomly in thermoset matrix. When the clay loadings were over 1%, a similar peak at low angle was detected for both NC-5 and NC-10 samples. There was no apparent difference between the XRD patterns of NC-5 and NC-10, and the distances between clay plates were calculated as 2.06 and 2.10 nm, respectively. This observation indicated a coexistence of intercalated or intercalated/exfoliated clay layers in the nanocomposites. In the polymer/clay nanocomposite preparation, the clay layers exhibited strong polar interactions that were critical to the formation of intercalated and exfoliated morphologies [40] [41] [42] . By increasing clay loadings, the silicate layers were stacked on each other and held together through intensive ionic attractions and, therefore, intercalated or mixed intercalated/exfoliated structures were formed in the thermoset matrix.
To get more detailed information on the clay dispersions, the morphologies of NC-1 and NC-5 samples were investigated by transmission electron microscopy. In  Fig. 3 , the dark lines were assigned as clay layers, whereas the bright areas represented thermoset matrix. In the both samples, TEM analysis revealed that mixed exfoliated/intercalated morphologies were attained upon addition of nanoclay. The observed individual clay layers (highlighted by yellow circles) were well dispersed (delaminated) in the polymer matrix, while the large intercalated tactoids (highlighted by red rectangles) were visible in NC-1 and NC-5. Although the most of the clay layers were locally stacked, some of them were isolated from any stack and randomly dispersed in the polymer matrix [43] [44] [45] . The coexistence of partially exfoliated/intercalated structures proposed that the van der Waals and Coulombic forces between silicate layers as well as their high specific surface area and surface energy tending to keep them tightly rather than to disperse homogeneously. Overall, combined XRD and TEM results confirmed that the resulting nanocomposites had partially mixed exfoliated/intercalated morphologies.
Thermal behaviors of nanocomposites were investigated by thermogravimetric (TGA) and derivative thermogravimetry (DTG) analyses and compared with neat thermoset sample that was prepared in the absence of Cloisite 30B under identical conditions (Fig. 4) . All samples showed one-step degradation implying the bond cleavages of C-O-C, C-S, C-H and C-C in the range of 220-500°C. In addition, this decomposition caused an entire degradation of the organic part of nanocomposites and provided the formation of stable, carbonaceous and inorganic residues as a char. The amounts of residual char yields were 3.9, 5.6, 11.8 and 17.5% for neat thermoset polymer, NC-1, NC-5 and NC-10, respectively. This increment was attributed to the incorporation of inorganic clays in thermoset matrix causing the restriction of movement of polymer chains. According to the TGA and DTG results, the maximum decomposition temperature was first increased from 323°C (neat thermoset) to 339°C (NC-1) and then was decreased to 327°C (NC-5) and 328°C (NC-10). This trend could be explained by morphologies of the nanocomposites, in which NC-1 had highest exfoliated structures according to TEM and XRD analyses. On the other hand, the increase of intercalated structures in the nanocomposites could slightly reduce the thermal stabilities of nanocomposite (NC-5 and NC-10). However, all nanocomposites exhibited improved thermal stabilities compared to neat thermoset sample.
The influence of clay loadings on the mechanical properties of nanocomposites was also investigated by a universal tensile test machine. The amount of clay nanoparticles in the polymer matrix played a crucial role in determining the mechanical properties of prepared nanocomposite structures. As expected from previous studies, there was a tendency that tensile modulus was increased by increasing clay contents, whereas elongation at break was conversely decreased [41, 42, 46] . This decrease could be also associated with the plasticization effects of residual water on the clay layers. From the stress-strain curves shown in Fig. 5 , the tensile strength and elongation at break values of nanocomposites were significantly increased in comparison with the neat thermoset sample. Among the nanocomposite samples, the NC-1 was the most improved mechanical properties due to its highexfoliated structures providing efficient interactions between clay and polymer matrix. For high clay contents, mechanical properties of nanocomposites were deteriorated in both cases, but still higher than that of the neat thermoset sample in the absence of clay. It was consistent with the literature findings that a large amount of clay gave rise to a decrease in the mechanical properties due to heterogeneous dispersion and aggregation of clay resulting in poor interfacial interactions between clay layers and thermoset network. Consequently, the increase in clay contents not only resulted in an improvement on rigidity and elastic modulus, but also lowered elongation at break.
Conclusions
In conclusion, thermoset/clay nanocomposites from commercially available monomers and organoclay were prepared via thiol-epoxy click reaction under ambient conditions using lithium hydroxide as catalyst at room temperature. The combined XRD and TEM analyses indicated that the obtained nanocomposites had a mixed exfoliated/intercalated morphology. In addition, the thermal and mechanical properties of these nanocomposites were considerably improved compared to the pristine thermoset polymer. Among them, the NC-1 had the most improved mechanical properties due to its highly exfoliated structures resulting in efficient interactions between clay and polymer matrix.
